Abstract. The tumor microenvironment is closely associated with tumor malignancy, and includes tumor relapse and metastasis trigged by epithelial-mesenchymal transition (EMT), which leads to the expansion of cancer stem-like cells. Radiotherapy is known to acutely and persistently affect changes in this tumor microenvironment by altering the vascular functions of tumor endothelial cells. However, the precise role of endothelial cells in tumor malignancy following treatment with irradiation has not been completely elucidated. The present study investigated the differences in malignant behavior of liver cancer cells in response to irradiated endothelial cells. To achieve this, a co-cultivation system was established to identify the potential role of endothelial cells in malignant liver cancer cells using medium conditioned with endothelial cells. It was observed that the medium conditioned by endothelial cells when irradiated with a single dose (2 Gy), greatly increased the migratory and invasive properties of liver cancer cells, as well as inducing mesenchymal markers, and enhancing the sphere-forming ability of liver cancer cells, The mRNA levels of genes regulating the self-renewal of cancer stem cells were increased in liver cancer cells by treatment with medium conditioned with endothelial cells. However, neither the medium conditioned by endothelial cells irradiated with fractionated doses (2 Gy x 3; 2 Gy/day for 3 days) or with a single dose (6 Gy) greatly influenced the malignancy of liver cancer cells. In conclusion, the data obtained by the present study indicated that 2 Gy irradiation of endothelial cells influenced the increase in tumor malignancy in liver cancer cells. Furthermore, the distinct differences in the indirect effects of ionizing radiation on tumor malignancy may provide valuable information for the improvement in the efficacy of radiotherapy.
Introduction
Radiotherapy is well known to be used for the treatment of about half of cancer patients (1) (2) (3) . However, radioresistant cancer cells and the tumor recurrence after radiotherapy have been recognized as serious impediments to the long-term survival of cancer patients (4, 5) . Therefore, to overcome these problems, the biological effects of ionizing radiation on human tumors have been flourishingly and diversely investigated up to date. Furthermore, these problems are closely concerned with tumor microenvironments comprised of fibroblasts, a variety of inflammatory cells, perivascular cells and endothelial cells, as well as hypoxic conditions (3) . In particular, tumor microenvironments have been not only shown to positively regulate the tumor malignancy, but also to greatly influence the radiosensitivity of cancer cells (3, 6) . In addition, under tumor microenvironment, the epithelial-mesenchymal transition (EMT) has been well shown to play a critical role in the tumor progression via triggering the motile and invasive activities of cancer cells to infiltrate into lymph or blood vascular systems (6, 7) . During the process of the EMT, the protein levels of epithelial markers are decreased, but that of mesenchymal markers are increased (8, 9) . The alternations in these marker proteins lead to the loss of cell-cell interaction, thereby allowing extravasation of cancer cells from the primary tumors (6, 8, 9) . Thus, EMT can be easily found in the invasive regions of aggressive cancers (10, 11) . Furthermore, many reports indicate that EMT is regarded as a key mechanism to lead to the generation of cancer stem-like cells and the resistance of anti-cancer drugs (12) (13) (14) .
Importantly, endothelial cells have been suggested to play a pivotal role in the tumor microenvironment as a major component of the tumor vascular system (15, 16) . Furthermore, these cells under tumor microenvironment have been known to affect cancer stem-like cells through the networks of growth factors and cytokines (15) , thereby directly regulating the self-renewal of them (17, 18) . However, the effects of irradiated endothelial cells on tumor malignancy and cancer stem-like cells have not been fully clarified.
In this study, we investigated the differences in malignant behavior of liver cancer cells in response to irradiated endothelial cells. We found that 2 Gy irradiation of endothelial cells enhances EMT of liver cancer cells, and increases the self-renewal of cancer stem-like cells, whereas both 6 Gy-and fractionated irradiation (2 Gy x 3 days) do not greatly affect these events. Our observation also revealed that endothelial cells play a key role in modulating the malignancy of liver cancer cells in response to irradiation.
Materials and methods
Cell culture. The human liver cancer HepG2, Hep3B and Huh7 cells were obtained from the American Type Culture Collection (Manassas, VA, USA). These liver cancer cell lines were maintained in Dulbecco's modified Eagle's medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) supplemented with 10% (v/v) bovine calf serum, penicillin (50 U/ml), and streptomycin (50 µg/ml) (all from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Human umbilical vein endothelial cells (HUVECs) were purchased from ScienCell Research Laboratories, Inc. (Carlsbad, CA, USA). HUVECs plated on gelatin-coated 60-mm dishes were cultured in complete endothelial cell culture medium (ECM; ScienCell Research Laboratories, Inc.) supplemented with 5% fetal bovine serum, 1% antibiotics and 1% endothelial cell growth supplement in a humidified 5% CO 2 incubator at 37˚C. These cells from passages 2 to 5 were used for experiments.
Irradiation. HUVECs were exposed to γ-rays with a 137 Cs irradiation source (Eckert & Ziegler, Berlin, Germany) at a dose rate of 2.6 Gy/min.
Preparation of conditioned medium. After the medium for endothelial cells was freshly replaced with new medium, HUVECs were irradiated with various doses of γ-rays, and then cultured for 24 h. Shortly afterward, the conditioned medium was harvested, filtered with 0.45-µm filter or centrifuged for 5 min at 700 x g to remove cells and debris and then transferred to tubes.
Cell growth curve. The HepG2 cells were plated onto 60-mm dishes at a density of 2x10 5 cells/dish, and then treated with the medium conditioned by HUVECs. At 24, 48 and 72 h after the treatment, the cells were trypsinized, washed with PBS, and then the number of HepG2 cells not stained with trypan blue were counted with a hemocytometer.
Clonogenic cell survival assay. Appropriate numbers of HepG2 cells were plated onto 60-mm dishes, incubated overnight, treated with the medium conditioned by HUVECs irradiated with various doses of γ-ray and then cultured for 14 days in a 5% CO 2 incubator at 37˚C. The colonies were fixed with 95% methanol and stained with 0.5% crystal violet. The colonies containing more than 60 cells were counted. The average of triplicate dishes was calculated for each sample. The results were normalized according to the plating efficiencies of the corresponding HepG2 cells treated with the medium conditioned by non-irradiated HUVECs, and then the surviving fractions were calculated. 12 ,000 x g at 4˚C. 30 µg of proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes (BioRad Laboratories, Inc., Hercules, CA, USA). The membranes were blocked with 5% (w/v) nonfat dry milk in Tris-buffered saline and then incubated for 1 h with primary antibodies at the dilution of 1:1,000, at room temperature. Specific reaction bands were detected using peroxidase-conjugated secondary antibodies which were at the dilution of 1:10,000, and proteins were visualized using an enhanced chemiluminescence system (Amersham Biosciences, Piscataway, NJ, USA).
cDNA preparation and RT 2 Profiler PCR Array. Total RNA was extracted from the cells using the TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and 1 µg of the isolated total RNAs was reverse transcribed to complementary DNA (cDNA) with the SuperScript First-Strand Synthesis System (Gibco; Thermo Fisher Scientific, Inc.), according to the manufacturer's instructions. The reaction was performed at 25˚C for 5 min and then at 42˚C for 30 min, and was terminated at 85˚C for 5 min. Next, the cDNA was diluted to 100 µl, and then was used as a template for RT 2 Profiler PCR Array Human cancer stem cells (cat. no. 330231 PAHS-176ZA; Qiagen, Valencia, CA, USA). The information of transcripts is shown on the instruction manual of RT 2 Profiler PCR Array supplied by the manufacturer. The transcripts were analyzed using a CFX96™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). PCR amplification was carried out using a thermal profile of beginning at 95˚C for 10 min, followed by 40 cycles at 95˚C for 15 sec, and last extension at 60˚C for 1 min. Analysis for the PCR array was performed with a web-based software (http://dataanalysis.sabiosciences. com/pcr/arrayanalysis.php) supplied by the manufacturer. The levels of gene expression were normalized to GAPDH, a housekeeping gene, and shown as the fold change compared with control.
Migration and invasion assays. Both migration and invasion assays were performed using the Transwell chamber (8-µm pore size; BD Biosciences). In total, 2x10 4 cells were resuspended in serum-free growth medium for these assays. For the invasion assay, the interior of the inserts was precoated with 10 mg/ml growth factor-reduced Matrigel (BD Biosciences). For both assays, the cells were added to the interior of the inserts. Growth medium supplemented with 10% (v/v) fetal bovine serum was added to the lower chamber. After incubation for 24 h, the cells attached on the upper surface of the filter were removed with a cotton swab. The cells on the lower surface of the filter were fixed and stained. The number of cells was determined by counting cells in five microscopic fields per well. In addition, the cells were imaged by phase contrast microscopy (Nikon Eclipse 80i; Nikon, Tokyo, Japan).
Sphere forming assay. Cells were grown in serum-free DMEM/F12 (Gibco; Thermo Fisher Scientific, Inc.) supplemented with B27 (Gibco; Thermo Fisher Scientific, Inc.), N2 (Gibco; Thermo Fisher Scientific, Inc.), 20 ng/ml basic fibroblast (Peprotech, London, UK) and 20 ng/ml epidermal growth factor (Peprotech) onto 24-well ultra-low attachment plates at 300 cells per well for 7 or 14 days, and then the size and number of spheres were determined using a phase-contrast Nikon microscope (TS100; Nikon). To measure the size of sphere, 12 spheres per group were randomly selected.
Statistical analyses.
All data presented as the mean ± standard error of the mean and are representative of at least three independent experimental repeats. Statistical analysis were performed with SPSS ver.18.0 (SPSS, Inc., Chicago, IL, USA). Differences between groups were analyzed using an unpaired Student's t-test and one-way analysis of variance (ANOVA) or two-way ANOVA, followed by Dunnett's post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

Endothelial cells enhance the malignancy of liver cancer cells. Endothelial cells under tumor microenvironments
have been known to play a key role in the survival, growth and malignancy of cancer cells, as well as participation in the formation of tumor blood vessels (15, 16) . Therefore, we investigated whether endothelial cells affect the malignancy of tumor cells. To examine these effects in vitro, we used the endothelial cell conditioned medium (ECM) obtained from 24 h culture of HUVECs. At a ratio of 1:1, ECM was evenly mixed with DMEM, and then was subsequently treated to HepG2 cells (Fig. 1A) .
We first observed the changes in the cellular morphology of HepG2 cells after the treatment with ECM obtained from HUVECs. As shown in previous reports mentioning these changes observed during the process of EMT (19) (20) (21) , Fig. 1B also showed that the treatment with ECM for 24, 48 and 72 h leads to the appearance of a fibroblast-like shape emerging as elongated and dispersed HepG2 cells, compared with control. This result indicates that endothelial cells may contribute to the acquisition of mesenchymal traits of liver cancer cells.
We next examined the effect of ECM on the cellular growth of HepG2 cells. As shown in Fig. 1C , the growth rate of HepG2 cells did not be greatly altered by the treatment with ECM.
The acquisition of mesenchymal traits of cancer cells leading to the malignant properties of them is closely related with the process of EMT (9, (12) (13) (14) . We therefore investigated whether ECM obtained from HUVECs affects EMT of HepG2 cells. Fig. 1D and E revealed that HepG2 cells treated with ECM show more migratory and invasive properties, compared with control. Consistent with these results, we also found an increase in the expression levels of the mesenchymal markers N-cadherin and vimentin in HepG2 cells treated with ECM, compared with control (Fig. 1F) .
EMT has been well known to be closely associated to an increase in the cancer stem-like cell population (9, (12) (13) (14) . Thus, we examined whether ECM obtained from HUVECs can also change the numbers of cancer stem-like cells. To fulfill this purpose, we performed sphere forming assay after the treatment of HepG2 cells with ECM. As shown in Fig. 1G , the cells shows the larger spheres, compared with control, indicating that endothelial cells can assign the higher sphere-forming ability to liver cancer cells.
These data collectively suggest that endothelial cells play a key role in inducing EMT of liver cancer cells and expanding cancer stem-like cells.
Effect of irradiated endothelial cells on the cell survival of liver cancer cells.
Ionizing radiation influence tumor microenvironment (22, 23) . Especially, the tumor vascular system composing tumor microenvironment has been reported to be highly sensitive to irradiation (23, 24) . Thus, we investigated whether irradiated endothelial cells can affect the viability of cancer cells. To fulfill this purpose, we acquired ECM obtained from HUVECs exposed to a single dose (2 or 6 Gy) or fractionated dose (2 Gy x 3; 2 Gy/day for 3 days) of ionizing radiation, and then treated it to HepG2 cells ( Fig. 2A) . Although either the fractionated dose-irradiated (2 Gy x 3)-or 6 Gy-irradiated ECM slightly suppressed the clonogenic survival of HepG2 cells, their survival was not greatly affected by all irradiated ECMs, indicating that irradiated endothelial cells do not seem to highly influence the survival of cancer cells (Fig. 2B) . In addition, we further found that all irradiated ECMs do not modulate the growth rate of HepG2 cells (Fig. 2C) .
These data suggest that irradiated endothelial cells do not affect the cell survival and growth of liver cancer cells.
Irradiated endothelial cells modulates tumor malignancy of liver cancer cells.
To further investigate the connection between irradiated endothelial cells and liver cancer cells in the tumor malignancy, we first measured the migratory and invasive abilities of HepG2 cells after the treatments with ECM obtained from irradiated HUVECs. As shown in Fig. 3A and B, we found that 2 Gy-irradiated ECM greatly increases the migratory and invasive traits of HepG2 cells, compared with the treatment with ECM obtained from non-irradiated endothelial cells, whereas 6 Gy-or 2 Gy x 3 (2 Gy/day for 3 days) irradiated ECM does hardly affect these events. Consistent with the above results, we further observed that 2 Gy-irradiated ECM greatly increase the expression levels of the mesenchymal cell markers N-cadherin and vimentin in HepG2 cells, whereas the expression of the epithelial cell marker, E-cadherin is not greatly modulated (Fig. 3C) . In addition, we investigated whether 2 Gy-irradiated ECM affects the expression levels of EMT-regulating transcription factors, Slug, Zeb1 and Snail in HepG2 cells. Although the expression levels of Zeb1 and Snail did not be change, an increase in the expression levels of Slug was observed in HepG2 cells (Fig. 3C) .
EMT has been well known to be an event leading to an increase in the population of cancer stem-like cells (9, (12) (13) (14) . Thus, we next investigated whether the treatments with ECM obtained from irradiated HUVECs also affect the size of cancer stem-like cells in HepG2 cells. As shown in Fig. 3D , 2 Gy-irradiated ECM induces larger spheres of HepG2 cells, whereas 6 Gy-or 2 Gy x 3 (2 Gy/day for 3 days)-irradiated ECM does slightly decrease the size of HepG2 spheres, indicating that 2 Gy-irradiated endothelial cells contribute to the higher sphere-forming ability of liver cancer cells. When we confirmed these events using the other liver cancer cell lines, Hep3B and Huh7 cells, we had similar results to those obtained from HepG2 cells (Fig. 3E-G) .
In addition, we determined the level of cancer stem-like cell-related factors after the treatment with 2 Gy-irradiated ECM in HepG2 cells. 2 Gy-irradiated ECM increased the mRNA levels of Foxa2, c-Kit, ALDH1A1, FZD7 ((Frizzled 7) and Thy1 (CD90) more than 2 times (Fig. 4) . These factors are already known to contribute to stemness of cancer cells (25) (26) (27) (28) (29) .
These results collectively demonstrated that 2 Gy-irradiated endothelial cells can trigger the generation of cancer stem-like cells which are thought to be closely connected with the process of EMT.
Discussion
Although radiotherapy is widely known as a highly efficient treatment for a variety of cancer patients, tumor relapse and metastasis occurring after radiotherapy still remain as a major problem to be solved (4, 5) . In addition, they have been shown to be the main causes leading to poor survival rates of cancer patients (4, 5) . Tumor malignancy is characterized by them, which are closely related with the expansion of cancer stem-like cells (12, 30) . EMT is considered as a primary mechanism responsible for the expansion of cancer stem-like cells (9, 12, 30) .
Tumor microenvironment is known to contribute to the induction of EMT, and the maintenance and survival of cancer stem-like cells (31, 32) . Furthermore, the induction of EMT, and the maintenance and survival of cancer stem-like cells can be regulated by tumor microenvironment comprised of cancer cells and diverse stromal cells containing immune cells, fibroblasts and endothelial cells (12, (30) (31) (32) . Especially, endothelial cells are suggested to be a key determinant of tumor microenvironment as they are a main component of vascular system responsible for delivering oxygen and nutrients to tumor cells (15, 16) . In this study, we preferentially established a co-cultivation system to find a potential role of endothelial cells in the malignancy of liver cancer cells using ECM conditioned by endothelial cells, and then observed that the treatment with These properties of the cells were measured using the Transwell chamber (x200 magnification). (G) Quantification of sphere-forming abilities of Hep3B or Huh7 cells after the treatment with ECM obtained from 2 Gy-irradiated HUVECs. The cells were grown in DMEM/F12 supplemented with B27, N2, basic fibroblast-and epidermal growth factor onto 24-well ultra-low attachment plates at 300 cells per well for 7 days, and the size of spheres were determined. To measure the size of sphere, 12 spheres per group (n=12/group) were randomly selected. The average size of each sphere is quantified in the standard deviation and shown in the representative graph. Results from three independent experiments are expressed as mean ± 1 SEM * P<0.05 vs. control. HUVECs, human umbilical vein endothelial cells; ECM, endothelial cell culture medium.
ECM increases the migratory and invasive properties of liver cancer cells, and leads to the expansion of cancer stem-like cells, as well as the appearance of a fibroblast-like shape and the dispersal, indicating that endothelial cells are responsible for the acquisition of mesenchymal traits of liver cancer cells. This observation is in good agreement with previous reports that endothelial cells are involved in both the induction of EMT and the generation of cancer stem-like phenotype in various tumor types including glioblastomas, squamous cell carcinomas, colorectal and breast cancers (18, (33) (34) (35) (36) .
There are many investigations indicating the functional and morphological changes in irradiated vasculatures in normal tissues (37) (38) (39) , but is relatively little known about the effects of ionizing radiation on tumor vasculatures. However, it has been already suggested that endothelial cells in tumor microenvironments are rather sensitive to ionizing radiation so that irradiation-induced apoptotic cell death of endothelial cells in tumor vasculatures plays a key role in the reduction of tumor size caused by irradiation (39) (40) (41) . Controversially, it has been reported that ionizing radiation does not only lead to the capillary-like tube formation of endothelial cells, but also promotes the metastatic properties of cancer cells (42, 43) .
Most of previous studies concerned with tumor microenvironments have largely focused on the direct influences of ionizing radiation on the cells, but not the indirect influences of it (44, 45) . Thus, additional studies are needed to clarify the indirect effects of ionizing radiation on the tumor microenvironments. As part of these studies, we investigated whether irradiated endothelial cells affect the tumor malignancy of liver cancer cells through the treatment with ECM conditioned by endothelial cells irradiated with 2 Gy, fractionated dose (2 Gy x 3; 2 Gy/day for 3 days) or 6 Gy.
Direct exposure of the cells to ionizing radiation has been well known to efficiently suppress the clonogenic cell survival and the cell proliferation (44, 45) . However, although the clonogenic cell survival assay showed a slight decline in the cell survival of liver cancer cells treated with ECM conditioned by endothelial cells irradiated with fractionated dose (2 Gy x 3; 2 Gy/day for 3 days) or 6 Gy, we did not observe the efficient suppression of cell survival in liver cancer cells after the treatments with all irradiated ECMs. Previously, many evidences indicated that ionizing radiation can not only affect the directly irradiated cells, but also influence the non-irradiated cells surrounding them (3) . This biological phenomenon is termed as the radiation-induced bystander effect (44) . In addition, the bystander effect has been reported to emerge as cellular and molecular events including DNA damage response, cell cycle arrest, cell growth delay, cell transformation and cell death in the non-irradiated cells (3, 44, 45) . Unlike these reports, we did not find the decrease in the survival and proliferation of non-irradiated liver cancer cells after the treatment with all irradiated ECMs. These results may be due to the difference in cellular responses of non-irradiated cells in accordance with cell types, the genetic and functional traits of the cells.
Many evidences showed that EMT greatly contributes to tumor malignancy via inducing metastasis and triggering tumor relapse (6) (7) (8) (9) . Furthermore, it is significantly concerned with the generation of cancer stem-like cells (12) (13) (14) . Thus, we examined whether irradiated endothelial cells affect the induction of EMT in liver cancer cells. Interestingly, we found that ECM conditioned by endothelial cells irradiated with 2 Gy greatly increases the migratory and invasive properties of liver cancer cells, as well as inducing mesenchymal markers. Furthermore, it also efficiently enhanced the sphere-forming ability of liver cancer cells, and increased the mRNA levels of Foxa2, c-Kit, ALDH1A1, FZD7 and Thy1 (CD90) known to regulate self-renewal of cancer stem cells. However, our results showed that either ECM conditioned by endothelial cells irradiated with fractionated dose (2 Gy x 3; 2 Gy/day for 3 days) or that with 6 Gy does not greatly influence the malignancy of liver cancer cells. Particularly, c-Kit and FZD7 are well known to be the receptors for Stem Cell Factor (SCF), a cytokine and secreted WNT proteins, respectively (26, 28) . Therefore, it can be reasonably assumed that these increased receptors of liver cancer cells caused by irradiated endothelial cells may participate in enhancing the induction of malignant liver cancer cells via interacting with their soluble ligands secreted from a variety of stromal cells in tumor microenvironment in vivo. In a good agreement with our assumption, it has been commonly indicated that soluble factors secreted from endothelial cells play a key role in tumor malignancy (18, (33) (34) (35) (36) . Especially, the communications between one cell and the others can be mediated by these soluble signaling molecules including cytokines and growth factors (15, 17, 18) . These factors such as interleukin-6 (IL-6), IL-8, transforming growth factor-β1 (TGF-β1) and tumor necrosis factor-alpha (TNF-α), have been reported to play a pivotal role in the cell-to-cell communications and the bystander effects (46) . Moreover, they do not only contribute to tumor malignancy, but also are induced by ionizing radiation (46) . The principal reason why the malignant potential of liver cancer cells is raised only by ECM conditioned by endothelial cells irradiated with 2 Gy but not by the others may be due to these secreted factors. Thus, it is necessary to further identify that what kind of them is highly secreted from endothelial cells in response to 2 Gy irradiation, and greatly contributes to the malignancy of liver cancer cells, compared with them secreted from endothelial cells irradiated with fractionated dose (2 Gy x 3; 2 Gy/day for 3 days) or 6 Gy. In addition, although we performed the investigation only under three conditions (2 Gy, fractionated dose (2 Gy/day for 3 days) and 6 Gy), endothelial cells irradiated with various doses of ionizing radiation are also likely to diversely affect the biological events of tumor cells. However, there have been no comparative studies investigating these effects as yet. Thus, further studies are also needed to precisely define the pivotal role of these irradiated endothelial cells in the tumor malignancy.
It have been already shown that direct exposure of a variety of cancer cells to ionizing radiation can trigger tumor malignancy via increasing the migratory and invasive properties of them, and expanding the population of cancer stem-like cells (47) (48) (49) (50) . Similarly to these reports, we found a possibility that the indirect exposure to ionizing radiation mediated by irradiated endothelial cells can also elicit the highly malignant potential from cancer cells.
In summary, we found that 2 Gy irradiation of endothelial cells influences the increase in the tumor malignancy of liver cancer cells. Our observations indicate that the distinct differences in the indirect effects of ionizing radiation on tumor malignancy may provide a valuable clue to the improvement in the efficacy of radiotherapy.
